Mammalian prey species are able to detect predator odors and to display appropriate defensive behavior. However, there is only limited knowledge about whether single compounds of predator odors are sufficient to elicit such behavior. Therefore, we assessed if predator-naïve CD-1 mice (n = 60) avoid sulfur-containing compounds that are characteristic components of natural predator odors and/or display other indicators of anxiety. A 2-compartment test arena was used to assess approach/avoidance behavior, general motor activity, and the number of fecal pellets excreted when the animals were presented with 1 of 6 predator odor components in one compartment and a blank control in the other compartment. We found that 2 of the 6 predator odor components (2-propylthietane and 3-methyl-1-butanethiol) were significantly avoided by the mice. The remaining 4 predator odor components (2,2-dimethylthietane, 3-mercapto-3-methylbutan-1-ol, 3-mercapto-3-methylbutyl-1-formate, and methyl-2-phenylethyl sulphide) as well as a nonpredator-associated fruity odor (n-pentyl acetate) were not avoided. Neither the general motor activity nor the number of excreted fecal pellets, both widely used measures of stress-or anxiety-related behavior, were systematically affected by any of the odorants tested. Further, we found that small changes in the molecular structure of a predator odor component can have a marked effect on its behavioral significance as 2-propylthietane was significantly avoided by the mice whereas the structurally related 2,2-dimethylthietane was not. We conclude that sulfur-containing volatiles identified as characteristic components of the urine, feces, and anal gland secretions of mammalian predators can be, but are not necessarily sufficient to elicit defensive behaviors in a mammalian prey species.
Introduction
Predator-prey relationships have evolved over eons, and in the course of this ongoing process prey species have developed sensory and behavioral adaptations which facilitate the recognition and avoidance of predators. In most mammalian prey species, this includes the ability to detect odors emitted by predators and to display adaptive behavioral responses such as increased vigilance, freezing, or avoidance (Kats and Dill 1998; Dielenberg and McGregor 1999; Apfelbach et al. 2005; Conover 2007 ). Predator odors can therefore be considered as kairomones, that is, as semiochemicals emitted by an organism (in this case: the predator) which cause an interspecific interaction beneficial for the perceiving organism (in this case: the prey) without gain for the emitter (Sbarbati and Osculati 2006) . Volatile sulfur-containing compounds which are the metabolic product of meat-eating have been identified as characteristic components of the odor of urine, feces, and anal gland secretions of mammalian predators (Anderson and Bernstein 1980; Nolte et al. 1994; Apps et al. 2015) , and mammalian prey species have been shown to distinguish between the odors of predator and nonpredator species, possibly based upon the presence or absence of such sulfur-containing odorants (Fendt 2006; Belton et al. 2007; Blumstein et al. 2008) . However, there is only limited knowledge as to whether single volatile compounds are as efficient in eliciting behavioral responses in animals as the complex mixture of a behaviorally relevant body-borne odor (Nilsson et al. 2014) . Whereas some studies reported that sulfur-containing predator odor components elicited avoidance responses as efficiently as the urine, feces, or anal gland secretions of predators (Sullivan and Crump 1984; Woolhouse and Morgan 1995) , other studies found only weak or no effects of single compounds but clear effects of the complex mixture that predator-derived odors are composed of (Epple et al. 1995; Bramley et al. 2000; McGregor et al. 2002) .
Increasing our knowledge about the behavioral significance of single components of predator odors for prey species should be useful for several reasons: it would, for example, further our understanding of the importance and specificity of odor signals in predator-prey relationships (Conover 2007) . It would also allow us to further explore the concept of "character impact" or "key" compounds in naturally occurring odor mixtures (Dunkel et al. 2014) . It may also lead to the development of more effective chemical repellents for the control of pest animals (Hone 2007) . Finally, it may also contribute to the application of effective and biologically relevant chemical stimuli for the study of stress and anxiety in animal models (Warnick and Sufka 2008) .
It was therefore the aim of the present study to assess whether single sulfur-containing components of predator odors elicit defensive behavior in predator-naïve mice. The fact that 2 pairs of the 6 predator odorants used here are structurally related to each other allowed us to additionally assess the impact of small changes in molecular structure on odor quality and concomitantly on the specificity of the odor signal eliciting behavioral responses in a prey species.
Materials and methods

Animals
A total of 60 adult male CD-1 mice were used. The rationale for using this outbred strain of mice was to use animals with a genetic background and a behavioral phenotype which are more similar to that of wild mice than that of inbred strains (Crusio et al. 2013) .
The mice were housed individually in standard rodent cages (40 cm × 25 cm × 15 cm) and had ad libitum access to food and water. They were kept at a temperature of 22 ± 1 °C and under a light-dark cycle of 12:12 h (starting at 7.30 AM and PM, respectively). The mice were 100-150 days old at the start of testing.
The experiments reported here comply with the Guide for the Care and Use of Laboratory Animals (8th edition, The National Academies Press, Washington DC, 2011) and also with current Swedish laws. This study was approved by Linköping's Animal Care and Use Committee (Linköpings djurförsöksetiska nämnd, protocol #76-12).
Odor stimuli
A set of 7 odorants was used: 2-propylthietane (CAS# 70678-49-8) and 2,2-dimethylthietane (CAS# 55022-72-5) have been found in the anal gland secretion of stoat (Mustela erminea), ferret (Mustela putorius furo), mink (Mustela vison), Siberian weasel (Mustela sibirica), and steppe polecat (Mustela eversmanii) (Brinck et al. 1983; Zhang et al. 2002) . 3-mercapto-3-methylbutan-1-ol (CAS# 34300-94-2) has been found in cat (Felis silvestris catus), bobcat (Lynx rufus), and leopard (Panthera pardus) urine (Mattina et al. 1991; Miyazaki et al. 2006; Apps et al. 2014 ). 3-mercapto-3-methylbutyl-1-formate (CAS# 50746-10-6) has been found in cat (F. s. catus) urine (Miyazaki et al. 2006) . 3-methyl-1-butanethiol (CAS# 541-31-1) has been found in the anal gland secretion of striped skunk (Mephitis mephitis), hooded skunk (Mephitis macroura) and spotted skunk (Spilogale putorius) (Wood et al. 2002) . Methyl-2-phenylethyl sulphide (CAS# 5925-63-3) has been found in urine of female and male red fox (Vulpes vulpes) (Jorgenson et al. 1978) . N-pentyl acetate (CAS# 628-63-7) has been found in a variety of fruit odors (Burdock 2005) .
The rationale for using these substances was to assess behavioral responses of mice toward 6 sulfur-containing odorants known to be components of the odor of natural predators of the mouse and toward a nonpredator odorant. All substances were obtained from Sigma-Aldrich and had a nominal purity of at least 99%. They were diluted using near-odorless diethyl phthalate (CAS# 84-66-2) as the solvent. All odorants were presented at a concentration which was a factor of 100 above the olfactory detection threshold of mice (Walker and O'Connell 1986; Sarrafchi et al. 2013) . The solvent was also used as the "blank" stimulus in all tests. Figure 1 shows the molecular structure of the 6 sulfur-containing predator odor components.
Experimental set-up
A 2-compartment test arena was used. It consisted of a modified standard mouse cage (40 cm × 25 cm × 15 cm) subdivided into 2 equally sized compartments by a vertical plexiglass wall attached to the lid, with a semicircular opening at the bottom (diameter 4 cm) which allowed a mouse to switch between the compartments. The test arena had a perforated metal floor, and under the floor of each compartment was a petri dish with a filter paper impregnated with either 100 µL of an odorant or 100 µL of the blank stimulus (solvent). The test arena was placed in a light tent in order to distribute the light evenly and thus to exclude the risk of a side bias due to possible differences in light intensity between the compartments. Additionally, the lights in the testing room were dimmed.
After every test, the test arena was thoroughly cleaned with 70% ethanol to minimize the risk of a side bias due to odor contamination. Three test arenas were used in a rotating scheme to allow each one enough time to dry after cleaning.
Behavioral test
Each test started by placing a mouse into the test arena, and for 10 min the following 3 parameters were recorded:
• Time spent in each of the 2 compartments (as an indicator of aversion or preference for a given odorant) • Number of switches between the 2 compartments (as an indicator of an animal's overall activity level, a parameter generally considered to be affected by an animal's state of fear) (Bailey and Crawley 2009) • Number of fecal pellets dropped during the test (as an indicator of an animal's state of fear) (Bailey and Crawley 2009) In every test, 1 side of the 2-compartment chamber contained the near-odorless blank stimulus and the other side 1 of the 7 odorants. Two predator odors and the fruity odor n-pentyl acetate were tested on the same set of 20 mice. All mice were tested 6 times with each of its 3 designated odorants, 3 times with a given odorant being presented under the floor of the left compartment and 3 times under the right. Both the placement of a given odorant under the floor of either the left or the right compartment on a given testing day and the order of presentation of odorants across testing days were pseudorandomized. Similarly, the side of the test arena in which a mouse started a given trial (left or right compartment) was pseudorandomized and balanced across animals and trials with a given odorant. Only one test session of 10 min was performed per mouse and day.
The tests with odorants were preceded by 3 days with the blank stimulus presented on both sides of the test arena to habituate the mice to the test situation and to exclude the possibility of a spontaneous side preference in the animals.
After 5 mice were tested on a given day, the petri dishes and filter papers were exchanged for new ones to ensure the same odorant concentration for each test. In the case of urination onto the filter paper, the petri dishes were immediately exchanged. It was not possible to record data blind because the experimenter worked alone and was thus aware of which stimulus was presented on which side of the 2-compartment chamber.
Data analysis
The 2-tailed binomial test was used to assess whether the proportion of individuals spending more time in proximity to an odorant or in proximity to the blank stimulus differed from chance. The Wilcoxon signed-rank test was used to assess whether the time spent in an odorized compartment differed from the time spent in the blank compartment. Furthermore, it was used to assess possible differences between the 3 odorants used with a set of 20 mice regarding the number of switches between compartments. Possible differences across several odorants were first assessed with a KruskalWallis test, followed by pairwise Nemenyi tests with corrections for multiple comparisons according to Tukey's method. The Spearman signed-rank test was used to assess possible correlations between different parameters across the 6 test sessions performed per odorant. Possible habituation or sensitization effects across the 6 test sessions were not only assessed by means of correlational analysis using the Spearman signed-rank test, but also by comparing the performance of the animals between the first 3 and the last 3 sessions. To this end, both the chi-squared test and the Wilcoxon test were used. The chi-squared test was also used to assess whether pairs of structurally related odorants differed in their aversive or attractive properties.
As our experimental design only included tests of the type "odor stimulus versus blank," but not tests of the type "odor stimulus A versus odor stimulus B," we assessed so-called absolute preferences or aversions for a given odorant. In order to get a first and indirect indication of whether 1 of the 6 predator odorants employed here might elicit stronger behavioral responses than 1 of the 5 other ones (equivalent to a relative preference or aversion), we also performed pairwise comparisons between the 6 odorants. All figures, except the boxplots, show median values and their respective median absolute deviation.
Results
Approach/avoidance behavior
Two of the 6 predator odor components (2-propylthietane and 3-methyl-1-butanethiol) were significantly avoided by the mice. With both odorants, the number of trials in which the animals spent more time in the odorized compartment was significantly lower compared with the number of trials in which they spent more time in the blank compartment (2-propylthietane: 37:81; 3-methyl-1-butanethiol: 36:84, Binomial test: P < 0.01 with both odorants) (Figure 2) . Accordingly, the mice spent significantly less time in the compartment odorized with 2-propylthietane and 3-methyl-1-butanethiol, respectively, than in the blank compartment (Wilcoxon test: P < 0.00001 with both odorants) (Figure 3) .
In contrast, the remaining 4 predator odor components (2,2-dimethylthietane, 3-mercapto-3-methylbutan-1-ol, 3-mercapto-3-methylbutyl-1-formate, methyl-2-phenylethyl sulfide) as well as the fruity odor (n-pentyl acetate) were neither significantly avoided nor preferred by the mice. With these 5 odorants, the number of trials in which the animals spent more time in the odorized compartment did not differ significantly from the number of trials in which they spent more time in the blank compartment (2,2-dimethylthietane: 54:65; 3-mercapto-3-methylbutan-1-ol; 62:57, 3-mercapto-3-methylbutyl-1-formate: 53:67, methyl-2-phenylethyl sulfide: 50:70; n-pentyl acetate: 176:182; Binomial test: P > 0.05 with all 5 odorants) (Figure 2) . Accordingly, the mice did not differ significantly in the time that they spent in a compartment odorized with 1 of these 5 odorants and the blank compartment (Wilcoxon test: P > 0.05 with all 5 odorants) (Figure 3) . 
Number of switches between compartments
Averaged across the 6 sessions performed per odorant, the median number of switches between compartments differed significantly between odorants (Kruskal-Wallis test: P < 0.0001) (Figure 4) .
With 2 of the 6 predator odor components (2,2-dimethylthietane and methyl-2-phenylethyl sulfide) the mice performed significantly fewer switches between compartments compared with all other 5 odorants (Nemenyi test: P < 0.01 with all comparisons). Two other predator odor components (2-propylthietane and 3-mercapto-3-methylbutyl-1-formate) elicited significantly more switches between compartments compared with the fruity odor (Nemenyi test: P < 0.01 with both comparisons). None of the other pairwise comparisons yielded significant differences in the number of switches between odorants (Nemenyi test: P > 0.05 with all comparisons).
Number of fecal pellets
Across the 6 sessions performed per odorant, the median number of excreted fecal pellets differed significantly between odorants (Kruskal-Wallis test: P < 0.05) ( Figure 5 ). Pairwise comparisons showed that the median number of excreted fecal pellets was significantly higher with 2,2-dimethylthietane than with 3-mercapto-3-methylbutan-1-ol (Nemenyi test: P < 0.05). None of the other pairwise comparisons between odorants yielded significant differences with this parameter (Nemenyi test: P > 0.05 with all other odorant pairs).
Habituation effects
In order to assess whether the repeated exposure to an odorant led to habituation or sensitization effects, we analyzed whether the animals' behavior changed across the 6 test sessions performed with each odorant and compared their behavior between the first 3 and the last 3 sessions.
With all 7 odorants, the mice showed a significant negative correlation between the number of switches between the 2 compartments across the 6 test sessions (Spearman test: 3-mercapto-3-methylbutan-1-ol: r s = -0.201; 3-mercapto-3-methylbutyl-1-formate: r s = -0.374; 2-propylthietane: r s = -0.357; 2,2-dimethylthietane: r s = -0.22; 3-methyl-1-butanethiol: r s = -0.379; methyl-2-phenylethyl sulfide: r s = -0.245; n-pentyl acetate: n = 360, r s = -0.233; P < 0.05 with all 7 odorants) ( Figure 6 ).
With only 3 of the 7 odorants, the mice showed a significant negative correlation between the number of excreted fecal pellets across the 6 test sessions (Spearman test: 3-mercapto-3-methylbutyl-1-formate: r s = -0.099; 2,2-dimethylthietane: r s = -0.256; 3-methyl-1-butanethiol: r s = -0.275; P < 0.05 with all 3 odorants). With the remaining odorants no significant correlations were found (Spearman test: P > 0.05).
The ratios of approach/avoidance behavior were also compared between the first and last 3 test sessions. With only 1 of the 7 odorants (3-mercapto-3-methylbutyl-1-formate) did the mice show a significantly higher ratio indicating avoidance in the first 3 sessions compared with the last 3 sessions (chi-squared test: P < 0.05). Similarly, the time spent in either the odorized or blank compartment . Asterisks indicate cases in which this proportion differed significantly from chance (2-tailed binomial test, P < 0.01). 2-PT, 2-propylthietane; 2,2-DMT, 2,2-dimethylthietane; 3-M-3-MB-1-O, 3-mercapto-3-methylbutan-1-ol; 3-M-3-MB-1-F, 3-mercapto-3-methylbutyl-1-formate; 3-M-1-BE, 3-methyl-1-butanethiol; M-2-PES, methyl-2-phenylethyl sulphide; FRUITY, n-pentyl acetate.
was compared between the first and last 3 sessions, but no significant differences were found with any of the 7 odorants (Wilcoxon test: P > 0.05 with all 7 odorants).
Differences between structurally related odorants
In order to assess whether exposure to structurally related odorants had different effects on the mice, we compared the animals' approach/avoidance behavior between 2-propylthietane and 2,2-dimethylthietane, and between 3-mercapto-3-methylbutan-1-ol and 3-mercapto-3-methylbutyl-1-formate, respectively.
An analysis of the ratios of the approach/avoidance behavior showed that 2-propylthietane elicited a significantly stronger avoidance than 2,2-dimethylthietane (chi-squared test: P < 0.05). Similarly, the animals spent significantly less time in the compartment odorized with 2-propylthietane than in the compartment odorized with 2,2-dimethylthietane (Mann-Whitney U test: P < 0.05).
A comparison between the approach/avoidance behavior with 3-mercapto-3-methylbutan-1-ol and 3-mercapto-3-methylbutyl-1-formate, in contrast, did not show any significant differences for these 2 parameters (Mann-Whitney U test: P > 0.05; Nemenyi test: P > 0.05).
The mice performed significantly more switches between compartments when exposed to 2-propylthietane compared with when exposed to 2,2-dimethylthietane (Nemenyi test: P < 0.0001). In contrast, no significant difference in the number of switches between compartments was found when comparing between 3-mercapto-3-methylbutan-1-ol and 3-mercapto-3-methylbutyl-1-formate (Nemenyi test: P > 0.05).
With both pairs of structurally related odorants, no significant differences in the number of excreted fecal pellets were found (Nemenyi test: P > 0.05 with both comparisons).
Discussion
The results of the present study demonstrate that only 2 of the 6 predator odor components tested were significantly avoided by the mice. This suggests that sulfur-containing volatiles which have been identified as characteristic components of the urine, feces, and anal gland secretions of mammalian predators can be, but are not necessarily sufficient to elicit defensive behaviors in a prey species. This, in turn, raises the question as to possible reasons for the lack of avoidance that we found with 4 of the predator odor components. Several potential explanations should be discussed.
Some studies reported that a mismatch of predator and prey species may account for negative findings with behavioral effects of predator odors. Weasel odor, for example, has been found to have no effect on the reproductive behavior of deer mice (Zimmerling and Sullivan 1994) , possibly because the latter is not a natural prey species of the former. However, other studies showed that a prey species does not always have to coevolve with a given predator in order to display avoidance responses to the predator's odor (Woolhouse and Morgan 1995; Rosell and Czech 2000) . In the present study, it is unlikely that a mismatch of predator and prey species may explain the lack of avoidance behavior with 4 of the 6 predator odor components as, to the best of our knowledge, all predator species producing these compounds are known to include mice into their diet.
Odor concentration is an obvious factor that may affect whether a given predator odor elicits avoidance behavior in a prey species or not. Several studies found dose-dependent behavioral responses to detectable concentrations of cat odor and the fox odor component 2,4,5-trimethylthiazoline (TMT) in rodents (e.g., Wallace and Rosen 2000; Takahashi et al. 2005) . It is important to note, however, that the presentation of unphysiologically high concentrations of any odorant, and not only of predator odor components, is likely to elicit avoidance responses in any species, and not only in prey species (Köster 2002 ). Although we cannot exclude the possibility that the odor concentrations that we used in the present study might have been suboptimal to induce avoidance behavior, at least we can be sure that they were detectable for the mice as we presented them at a factor of 100 above their respective olfactory detection threshold (Sarrafchi et al. 2013 ) and, at the same time, ecologically valid as they generally fell into the range of concentrations reported to be present in their natural sources (Apps et al. 2015) . Future studies should systematically vary the concentration of the predator odorants used here in order to establish dose-response curves of avoidance behavior and thus to assess whether certain sulfur-containing predator odor components might not elicit behavioral responses in prey at all.
Strain differences have been reported to affect the behavioral responses of mice and rats to predator odors and might thus, at least partly, explain our findings. Wistar and Sprague-Dawley rats, for example, have been found to differ markedly in the strength of their defensive behaviors to both cat odor and the fox odor component TMT (Staples and McGregor 2006) . Similarly, snake odor altered locomotor activity in DBA/2 mice, but not in CD-1 mice (Dell'Omo and Alleva 1994). In this context, it should be mentioned that the CD-1 mice used in the present study are an outbred strain which is genetically diverse and whose behavioral phenotype is more similar to that of wild mice than that of inbred strains and thus the best possible proxy for Mus musculus living in the wild (Crusio et al. 2013) . Further studies including other mouse strains are needed to assess whether the present findings can be attributed to the genotype of our study animals.
Rapid habituation has been reported to reduce the repellent effect of predator odors. Rats that were repeatedly exposed to cat odor, for example, resumed nondefensive behaviors such as grooming but continued to avoid proximity to the threatening stimulus (Staples 2010) . Similarly, rats were found to habituate their hiding response after repeated exposure to cat odor (Dielenberg and McGregor 1999) . However, other studies failed to find habituation effects, for example, with freezing behavior in rats repeatedly exposed to TMT (Wallace and Rosen 2000) or with stress hormone and avoidance responses in rats repeatedly exposed to ferret odor (Masini et al. 2006) . The results of the present study showed no significant differences in the time that the mice spent in an odorized compartment between the first 3 and the last 3 sessions with any of the 6 predator odor components, suggesting a lack of habituation effects with regard to approach/avoidance behavior. Although the mice also displayed a significant negative correlation between the number of switches between the 2 compartments across the 6 test sessions (Figure 6 ), this tendency for a decrease in overall motor activity is unlikely to be a specific response to the repeated presentation to predator odor components as the same negative correlation was also found with the fruity control odor. Similarly, the number of excreted fecal pellets, commonly considered as an indicator of an animal's state of fear (Fanselow 1994) , was found to significantly decrease across sessions with only one of the 2 predator odor components (3-methyl-1-butanethiol) which was significantly avoided, but not with the other one (2-propylthietane). Thus, with this parameter, too, no generalizing conclusions as to habituation of mice to the repeated exposure with predator odors can be drawn.
Numerous studies have shown that small changes in the molecular structure of odorants can have marked effects on odor quality as perceived by both human subjects (Laska et al. 2000; Laska and Hübener 2001) and animals (Laska and Shepherd 2007; Kim et al. 2013; Rizvanovic et al. 2013) . Our finding that the mice significantly avoided 2-propylthietane, but not the structurally related 2,2-dimethylthietane (Figures 2 and 3) illustrates that small changes in the molecular structure of an odorant can also have a profound effect on its behavioral significance. This appears to make sense considering that semiochemicals such as kairomones should be species-and/or context-specific in order to fulfill their signaling function (Wyatt 2014) . However, we also found that 2 other structurally related predator odor components, 3-mercapto-3-methylbutan-1-ol and 3-mercapto-3-methylbutyl-1-formate, both failed to elicit avoidance behavior in mice (Figures 2 and 3 ). Although mice are clearly able to discriminate between these 2 odorants and thus perceive them as qualitatively different (Laska M, unpublished data) , at this point we cannot decide whether the observed lack of avoidance behavior may be due to having presented the odorants at a suboptimal concentration or whether both odorants simply may not have any signaling function, at least when presented singly. The only other study so far which systematically assessed structure-activity relationships of sulfur-containing predator odor components is in line with the present findings as it also reported that certain pairs of structurally related odorants led to differential behavior in the rat whereas other pairs did not (Vernet-Maury et al. 1984) .
2-propylthietane, 1 of the 2 predator odor components which was significantly avoided by the mice in the present study, has also been found to suppress feeding behavior in the rat (Heale and Vanderwolf 1994) and in the possum (Trichosurus vulpecula) (Woolhouse and Morgan 1995) , and to induce stress-related analgesia in mice (Kavaliers et al. 1997) . Similar to the mice tested in the present study, Northern pocket gophers (Thomomys talpoides) avoided 2-propylthietane, but not 2,2-dimethylthietane (Sullivan and Crump 1986; Sullivan et al. 1988 ). Interestingly, 2-propylthietane did not induce feeding suppression in snowshoe hares (Lepus americanus) whereas 2,2-dimethylthietane, which was not effective with the mice in the present study, did (Sullivan and Crump 1984) . Mouse-eared bats (Myotis myotis) did not avoid 2-propylthietane in an approach/avoidance paradigm (Driessens and Siemers 2010) . 3-methyl-1-butanethiol, the other of the 2 predator odor components which the mice of the present study significantly avoided, has to the best of our knowledge only been tested so far with coyotes (Canis latrans) and induced food suppression (Lehner et al. 1976) .
A final aspect of the present study concerns a central topic in olfactory research: the role of single compounds in odor mixture perception. Considering that the complex mixtures of volatiles that constitute body-borne odors do not only differ between species, but also to some degree between individuals of a given species, and within individuals over time (e.g., as a function of age, health, and reproductive status), it seems reasonable to assume that single compounds that are constantly present across and within individuals of a given species may serve as a "leitmotif," for example, for indicating "predator" to a prey (Stoddart 1980; Apfelbach et al. 2015a) . Several lines of evidence suggest that volatile sulfur-containing compounds may serve such a function in this context: members of this class of chemicals are almost ubiquitous in the odors of urine, feces, and anal gland secretions of mammalian predators, but largely absent in body-borne odors of herbivores (Anderson and Bernstein 1980; Nolte et al. 1994; Apps et al. 2015) . Mammalian prey species efficiently distinguish between the odors of predator and nonpredator species (Fendt 2006; Belton et al. 2007; Blumstein et al. 2008) , and the behavioral response of mammalian prey to the odor of a predator varies as a function of the predator's diet (Berton et al. 1998; Apfelbach et al. 2015b) .
Nevertheless, the results of the present study as well as results of several previous studies (Epple et al. 1995; Bramley et al. 2000; McGregor et al. 2002) demonstrate that sulfur-containing predator odor components are not generally avoided by their natural prey but rather that their effects are substance-specific. In addition to the possible explanations for the observed lack of avoidance responses with some predator odor components mentioned above (mismatch between predator and prey, suboptimal stimulus concentration, strain differences, habituation effects) 2 other possibilities should be considered: chemo-analytical studies have shown that predator odors usually comprise a variety of sulfur-containing compounds (Anderson and Bernstein 1980; Nolte et al. 1994; Apps et al. 2015) of which only a few have been tested so far with regard to their possible signaling function for prey. If single compounds of predator odors indeed serve a function as kairomones, then they might simply not have been tested so far with a given prey species. Further, it should be explored whether mixtures of sulfur-containing odorants might have an additive effect on behavioral responses in prey species.
In addition to sulfur-containing compounds, future studies should also systematically assess behavioral responses of prey species to other classes of volatile chemicals that have been identified as characteristic components of predator odors. Recent studies have shown that biogenic amines found in body-borne odors of carnivores, for example, may elicit avoidance responses in prey species (Ferrero et al. 2011) and are perceived by noncanonical olfactory receptors presumed to be specialized for the detection of aversive odors (Liberles 2015) .
We are aware that it would have been desirable to include a natural predator odor, that is, urine or anal gland secretions from one of the natural predator species of the mouse into our study. Unfortunately, this was not feasible. However, to the best of our knowledge no study so far ever reported that urine or anal gland secretions of natural predators of the mouse would not elicit defensive behavior in this prey species. Thus, it seems reasonable to assume that this would also be the case with the urines and anal gland secretions containing the 6 sulfur-containing odorants assessed in the present study.
In summary, the results of the present study suggest that sulfurcontaining volatiles which have been identified as characteristic components of the urine, feces, and anal gland secretions of mammalian predators can be, but are not necessarily sufficient to elicit defensive behaviors in a prey species.
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